Abstract-Wall climbing robots require adhesion methods which are suited to the climbing surface material and roughness. In this paper, an optimum design of a magnetic adhesion mechanism has been developed for ferrous surfaces that maximises the magnetic adhesion force. This in turn maximises the payload that can be carried by the climbing robot. Experiments have been designed using the Response Surface Methodology (RSM) to study the effect of identified independent parameters (namely the distance between magnets, air gap and yoke thickness) that affect the response variable i.e. the magnetic adhesion force. A quadratic regression model has been developed to represent an empirical relationship between the response variable and the independent variables. Statistical analysis of the predicted model has been investigated using analysis of variance (ANOVA). To inspect the adequacy of the predicted quadratic model, validating experiments have been carried out at different conditions where the experimental results showed similar response values to the predicted model responses. Numerical optimisation has been applied to predict the optimum variable conditions for maximum adhesion force and air gap, resulting in an adhesion force of 240.3 N at 20 mm distance between magnets, 18.5 mm air gap and 8.3 mm yoke thickness. The optimum conditions have been numerically validated using a commercial finite element simulator. The numerically optimised design parameters have been used to design and construct a prototype wall climbing robot.
I. INTRODUCTION
The adhesion force for a wall climbing robot is determined according to the material and roughness of the surface and the robot weight plus its payload. The adhesion principle is classified into five main types pneumatic [1] , mechanical [2] , electrostatic [3] , chemical [4] and magnetic [5] .
Pneumatic adhesion is the most widely used technique for wall climbing robots [6] . It is divided into two main types -suction cups or negative pressure thrust using a vortex. The suction cups are classified as active or passive.
Passive suction cups do not use an energy supply to attach to the surface. In [7] a legged wall climbing robot is developed using passive suction cups. The robot consists of six legs each leg is equipped with a suction cup to connect to a four bar mechanism that attaches and detaches the cups from the wall. The robot motion is too slow as it uses legs for locomotion and it cannot climb rough surfaces because the suction cups work only on smooth surfaces. Since the suction cups are widely used, a lot of research has been carried out to study their adhesion force [8] . The advantage of a passive suction cup is that it has a strong adhesion force and does not require an energy supply or actuators to stick it to the surface. However, it works only on smooth surfaces and it can easily come off if the lip of the cup becomes detached. Active suction cups on the other hand require a valve and a vacuum pump for attachment and detachment. A multi-track robot was developed in [9] that can climb any wall regardless of the material composition of the surface. It has the ability to transition between surface planes while carrying a high payload. The robot is composed of five modules in the form of three parts connected with two links. Each module is equipped with caterpillar tracks with six suction cups. As a result, its design and control are very complex. Another robot uses suction cups and two orthogonal shafts with the motion of sliding frames [10] .
Mechanical adhesion methods use clamping mechanisms or claws for gripping. These methods are mainly utilized on surfaces which are rough, so that the robot can find points for attachment [11] . This type of robot can stay in its place for a long time without energy supply and with a low probability of falling. However, their motion is slow, and they cannot carry a high payload or climb smooth surfaces. Other adhesion methods are based on the electrostatic force between the climbing surface (which acts as the substrate material) and electroadhesive pads that consist of conductive electrodes [12] .
These robots can climb any wall regardless of the material of the wall. However, they have limited ability to cross obstacles and cannot carry a heavy payload.
Chemical adhesion principle has been used with different locomotion techniques for wall climbing robots. This adhesion principle can be used with any surface however the adhesion is affected by the environmental factors such as temperature, moisture and dust [4] .
Many safety critical structures in industry are constructed from ferrous materials. Permanent magnet adhesion systems offer advantages of zero power requirements, high payload carrying ability and safe adhesion in the event of power failure. A permanent magnet adhesion system has been designed for a wheeled wall climbing robot carrying a laser cutting head to cut steel plates [13] . The robot was required to carry the laser head which weighs about 18 kg in addition to the robot weight. Accordingly, five adhesion system configurations of neodymium N42 magnet have been considered to find the maximum adhesion force. Each magnet size was 50×50×12 mm. All configurations were tested with the same air gap of 25 mm and back plate (yoke) dimension of 375×50×3 mm except the fifth configuration where the yoke thickness was 15 mm instead of 3 mm. Finally, an adhesion system was created which gave the maximum adhesion force of 39.4 kg with three yokes positioned at a distance 30 mm from each other and an overall adhesion force of 92 kg was obtained. Another novel magnetic adhesion mechanism has been reported for a wallclimbing robot that operates on reinforced concrete surfaces where the design parameters have been investigated by Finite Element Analysis [14] .
The aim of the work reported in this paper is to investigate the effect of different parameters affecting the magnetic adhesion force, namely, the distance between magnets, air gap and yoke thickness. The Response Surface Methodology (RSM) is selected to design the experiments and to study the interaction effect of these parameters on the response. Using the experimental results, a quadratic regression equation is developed representing an empirical relationship between the response variable i.e. magnetic adhesion force and the independent variables. Numerical optimisation is conducted to predict the optimum variable conditions for maximum adhesion force. Validating experiments are carried out at different conditions to check the adequacy of the predicted quadratic model. Moreover, statistical validation is applied using ANOVA.
II. MATERIALS AND METHODS

A. Experimental Setup
Three neodymium grade N35 magnets with dimensions of 50×50×12.5 mm were attached with different steel backing plates called a yoke with dimensions 250×50 mm and three different thicknesses. The three magnets were attached to the yoke with a specific configuration, where same polarity magnets were attached at the corners and one different polarity magnet in the middle. A test rig was designed, implemented and calibrated for measuring the magnetic adhesion force as shown in Fig. 1 . The test rig was placed on a ferrous metal surface. The magnets attached to the yoke were placed on the internal frame of the test rig. Subsequently, the magnets attract the metal surface leading to an external force applied to the load cells and the adhesion force is shown in kilograms.
B. Experimental Design
Response Surface Methodology (RSM) is an emphatic model which is utilized for development of a mathematical model representing the response variable as function of studied process parameters. It is a combination of both statistical and mathematical approaches which has been introduced for modelling, modifying and optimising various processes [15] .
RSM was used to set up a mathematical relationship between the response (the magnetic adhesion force) and the factors influencing the adhesion force (air gap, the distance between magnets and yoke thickness). A set of experiments were conducted using Box Behnken Design (BBD) where each independent parameter is varied between three levels. The three levels are equally spaced and coded as -1, 0, 1 as shown in Table 1 .
C. Statistical Analysis
A general quadratic polynomial equation was used to represent the developed model:
where Y is the corresponding response, b i , b ii and b ij represent the linear, interactive, and quadratic coefficients respectively. b o represents the constant coefficient and ε is the residual experimental error and x i , x j are coded values of the input parameters. Investigation of the statistical significance was analysed using ANOVA by calculating the Fisher's F-test at 95% confidence level. Lack of fit analysis has been used to measure the failure of the developed model to fit the experimental data. Design Expert software has been used for the optimisation, regression analysis and graphical analysis. Statistical significance of the results has been presented by p-value where the result is significant when p < 0.05. 
D. Finite Element Model
A model has been created using COMSOL Multiphysics software as another validation method for the experimental results. The model is based on equation 2 which can be used by selecting magnetic field no current from AC/DC module.
where V m is the scalar magnetic potential, μ o is free space permeability and M o is the magnetization. The magnetic field is symmetric with reference to the xz and yz-plane where the magnetic field is tengential and antisymmetric with reference to the xy-plane where the magnetic field is perpendicular as shown in Fig. 2 . The model is surrounded by an adequately simulation volume where the dimensions are chosen large enough, with respect to the simulated volume, to minimise the impact of the extreme boundary condition presented at the edges on the region around the magnet. 
III. RESULTS AND DISCUSSION
A. Model Validation And Adequacy Checking
Using the experimental results, a quadratic regression equation has been developed representing an empirical relationship between the response variable and all the independent variables as shown in Equation 3. 
where Y is the adhesion force, A, B and C are air gap, distance between magnets and yoke thickness, respectively.
ANOVA has been applied to validate the developed model where it evaluated F-value of 278.79 and p-value of <0.0001, as shown in Table 2 . Moreover, predicted results versus experimental actual results have been investigated as shown in Fig. 3 . The similarity between predicted and actual results ensure the adequacy of the model for predicting the experimental data. These results conclude that the model successfully represents the experimental data.
ANOVA's assumptions including the normality of residuals and randomized observations have been analysed. Residuals are defined as the difference between the actual and predicted results. As shown in Fig. 4 , normality of residuals has been investigated where the results are approaching a straight line which indicates the validity of the normality assumption of residuals. Secondly, randomisation of observations has been examined. Accordingly, a graphical plot between predicted observations and residuals is presented in Fig. 5 . Randomised results have been observed where there is no trend for the results.
To validate the model experimentally, selected conditions have been tested which shows high agreement with the predicted values of the model. The average relative errors between the experimental and predicted values for the tested conditions is 0.95%. The similarity between the predicted and actual value ensure the adequacy of the predicted model. 
B. Effect of Process Variables
The 3D-surface and contour plots of the adhesion force versus interaction of two independent variables are shown in Fig. 6 to Fig. 9 . In each plot, the remaining independent variable is kept constant at its centre point. Table 2 , the air gap parameter shows a highly significant effect on the process response with p-value <0.0001 and F-value 1923.94. Fig. 6 and Fig. 7 illustrate the effect of air gap and distance between magnets while keeping the thickness of the yoke at the centre point 11 mm, versus magnetic adhesion force where increasing the air gap decreases the adhesion force.
1) Effect of air gap Based on the ANOVA results shown in
2) Effect of distance between magnets It is clearly shown in Fig. 6 and Fig. 7 that increasing the distance between magnets increases the adhesion force while keeping the air gap fixed at 21.5 mm. The distance between magnets shows the effect on the response with a p-value of 0.0004 and F-value of 39.65 using ANOVA as illustrated in Table 2 .
3) Effect of yoke thickness Yoke thickness to which magnets are attached has a considerable effect on the adhesion force as illustrated in Fig. 8 and Fig. 9 . ANOVA results in Table 2 show the highly significant effect on the response variable where it has concluded the p-value and F-value of 0.0001 and 418.55, respectively.
4)
Optimisation of process variables An optimisation process of the independent parameters has been performed to conclude the maximum adhesion force at the minimal affecting variables. Specific targets have been inserted into the software to guide the optimisation process. The response variable i.e. adhesion force has been set to a maximum. The yoke thickness has been targeted to be minimised to reduce the weight of the climbing robot. Air gap variable has been set to be minimum as it has the most significant effect on the adhesion force and to avoid the robot flipping over the wall. Finally, the distance between magnets has been minimised with lower importance as it has a relationship with the length of the yoke. The maximum adhesion force obtained from the optimisation process according to the constraints ststed above is 240.3 N at an air gap of 18.5 mm, the distance between magnets 20 mm and yoke thickness of 8.3 mm.
IV. SIMULATION OF MAGNETIC ADHESION FORCE USING COMSOL MULTIPHYSICS
Two simulations were investigated using COMSOL Multiphysics to study the parameters affecting the magnetic adhesion force and to validate optimum conditions obtained from the design of expert software. The results obtained in COMSOL Multiphysics showed the same trend with respect to the results extracted from Design Expert shown in Table 3 .
More towards validating the quadratic regression model, the magnetic adhesion force has been simulated using COMSOL Multiphysics while varying the air gap distance. Three neodymium magnets are attached to a cast iron back plate (yoke) by two magnets on each corner with the same polarity and the middle one with reversed polarity. Dimensions of the magnet used are length 50 mm, width 50 mm, thickness 10 mm, yoke thickness 20 mm, length 260 mm and width 50 mm. The distance between each two magnets are 55 mm. The results show that as the air gap increases the magnetic adhesion force decreases exponentially as shown in Fig.  10 where the air gap is varying from zero to 20 mm. The magnetic adhesion force without air gap was about 5300 N and at 20 mm air gap reaches to about 230 N. 
V. THE DESIGN OF THE WALL CLIMBING ROBOT
A design of the wall climbing robot was implemented for the robot. The robot was designed with wheels as a locomotion technique to provide the robot with continuous motion and permanent magnets for adhesion to the wall. The robot consists of seven parts. These are the chassis, wheels, motors, motor coupler, motor bracket, yoke and magnets. Fig. 11 illustrates the drawing of the wall climbing robot.
A. Robot Chassis
The robot chassis is constructed from aluminium plate with dimension 316×250 mm and thickness 3 mm. the length of the chassis dimension has been chosen according to the length of the motors in addition to a proper distance for motor connections. While the width is chosen to keep the motors away from the magnetic flux region in order not to affect the operation of the motor. The material of the robot is aluminium to have a light weight structure while holding the magnets with the yoke in the middle. 
B. Motors
The robot is equipped with four DC motors with worm gearboxes to generate high torque to overcome the adhesion force during the robot motion. The motors are fixed in line with the corner of the chassis to give the robot the ability to transfer from one plane to another. The robot is equipped with four rubber wheels for greater traction.
C. Motor Bracket
Each drive motor is attached to the chassis with two Lshape steel brackets.
D. Yoke and Magnets
The yoke and magnets are attached to the robot chassis in the middle with eight machine screws fastened to the aluminium plate placed in the distance between magnets. The back plate (yoke) is iron with dimension 50×250×11 mm as shown in Fig. 1 . Three neodymium N35 magnets are attached to the yoke. The dimension of each magnet is 50×50×12.5 mm and the distance between magnets is 50 mm.
E. Motor Coupler
To transfer the power of the motor to the wheels, a motor coupler is designed to connect the shaft of the motor to the wheel as shown in Fig. 12 . The coupler has a hexagonal end to fit inside the wheel to avoid wheel slippage during climbing due to the strong adhesion force. 
F. Robot Implementation
The robot is implemented according to the model described previously and tested on a steel surface as shown in Fig. 13 to check the capability of the magnetic adhesion force to attach the robot to a steel plate. To examine the robustness of this module a couple of points have been simulated using finite element simulator where an acceptable agreement has been observed. Finally, a prototype climbing robot was implemented by employing the extracted design parameters from the quadratic polynomial model.
The work performed in this paper could be extended to a wider range of adhesion forces using different predicted levels of the independent variables.
